Antibodies specific for DNA:RNA hybrids were coated onto polystyrene test tubes and applied to hybridization assays involving DNA and RNA. Synthetic DNA probes complementary to 16S rRNA of Campylobacter were labeled with biotin and hybridized to ribosomal RNA directly in lysates of bacterial cells. After hybridization, DNA:RNA hybrids were captured with immobilized anti-DNA:RNA antibody, and the biotinylated probe was detected with streptavidin-horseradish peroxidase (EC 1.11.1.7) conjugate. The assay was optimized to detect as few as 70 000 Campylobacter cells in a sample. We compared the utility of this hybridization assay with that of conventional microbiology methods by examination of 1448 stool samples from hospital clinical laboratories.
#{149} containing very few organisms, the amount of target can be sub-attomole (<10_18 mol). In contrast, very sensitive immunoassays, e.g., for thyrotropin molecules in serum, detect about 10 fmol (10-14 mol) of target (200 L of sample containing 0.5 milli-int. unit of hormone per liter). Historically, 32P has been the label of choice in nucleic acid research, but its 14-day half-life makes it difficult to manufacture economically for the clinical market, and most clinical laboratories lack the equipment to quantif' 32P radiation.
We have used Campylobacter, a leading cause of bacterial diarrhea (1) (2) (3) , as a model system for a DNA probe-based test for infectious agents. Conventional microbiology methods to isolate and identilS' this organism from the stools of patients thought to be infected with Campylobacter can take several days to yield a presumptive positive result and must be performed by highly skilled microbiologists (4-6).
Here, we describe the application of the well-accepted techniques of antibody-coated tubes and enzyme labels (7, 8) to the measurement of ribosomal RNA (rRNA) from Campylobacter. The bacterial content of rENA sequences is often three to four orders of magnitude greater than the corresponding coding genomic sequences from which they are derived (9) . Using this approach, we have solved many of the problems that have slowed introduction of nucleic acid probe-based assays into routine practice.
MaterIals and Methods

Materials
Oligonucleotide probes complementary to the 16S rRNA of Campylobacterjejuni have been described elsewhere (10) . Three probes, each about 50 bases long, were synthesized according to the methods of Caruthers et al. (11) and terminated with an aminopropyl-modified cytidine analog (G. Mock and D. Lovern, unpublished results).
We biotinylated these aminopropyl-modified probes with a 200-fold excess of N-biotinyl-6-aminocaproic-acid-N-hydroxysuccinimide ester (12) 
Methods
Antibody coating. Affinity-purified antibody is dissolved in a simple coating buffer (14) and incubated in 0.5-mL aliquots in 12 x 75 mm polystyrene tubes overnight at room temperature. The next day the coating solution is removed and two 4-mL aliquots of 1 g/L bovine serum albumin in phosphate-buffered saline, pH 7.4, are added to block any potential binding sites on the tube surface. After removing the blocking solution, we dry the tubes at ambient temperature and store them sealed in plastic bags with a desiccant pellet.
Assay protocol. We used cultural enrichment procedures and confirmatory microbiological determinations for Campylobacter (6) , as modified by the supplier of plates and gas mixtures listed below. Briefly, streak 504 of liquid stool or a 2:1 suspension of formed stool in saline onto commercially available Campylobacter-selective plates (Campy BAP Plates; BBL Microbiology Systems, Cockeysville, MD), then incubate the plates in a micro-aerophilic environment (per liter: 50 mL of 02, 100 mL of C02, and 850 mL of N2) at 42 #{176}C for at least 8-12 h. [We used commercially available materials (Gas-Pak System; BBL Microbiology Systems) to generate this atmosphere.] This cultural enrichment assures that Campylobacter present even in very low titers will grow to sufficient numbers to be detected by the nucleic acid probe test. Additional enrichment time up to 72 h does not interfere with the assay. Plates may also be stored at 4#{176}C for as long as a week after incubation before use in the probe assay (data not shown). Many labs find it most convenient to inoculate samples as they arrive, and then batch the probe assays the following day. All of the reagents used in the steps following enrichment are supplied as a kit by GENE-TRAK Systems.
After overnight incubation, remove the plates from the micro-aerophilic environment and thoroughly swab them with a sterile cotton applicator moistened with diluent solution to remove all inoculum-derived material; suspend this material in 2. 
Results
Typical Assay Results
Every assay run includes samples, a substrate blank, a positive control, and a negative control. The presence or absence of Campylobacter is determined by relating the net A4ss of the patient's sample to the cutoff value: the net A value of the negative control in that run plus 0.28 A (a value determined in a preliminary study-data not shown-to
give the best discrimination between positive and negative samples). Typical assay data are shown in Table 1 . Net A4sc values that fall between the cutoff value and 110% of this value should be considered "suspect," and those samples should be re-assayed. Re-assayed samples that yield a net A0 value greater than or equal to the cutoff value for that run should be considered positive. In the studies described below, 98.5% of the samples tested were either positive or negative for the presence of Campylobacter nucleic acids after a single determination. 
Assay Sensitivity
In pure culture, 70 000 Campylobacter cells per assay can be distinguished from the negative control with 97.5% confidence (data not shown). We report the data for a pure culture because individual stool samples vary so greatly as a matrix for the growth of Campylobacter that quantitative data from a single stool sample or even several are of limited value.
Assay Specificity
Because human stool samples contain a large variety of bacterial species that could potentially interfere with this assay, we systematically determined whether certain typical stool microorganisms did specifically interfere. These data are presented in Table 2 . It is important to recognize that the cultural enrichment at 42 #{176}C adds to the selectivity of the assay; i.e., nonpathogenic Campylobacter, which do not survive the enrichment procedure (6), will not be recognized by the assay.
Precision Studies
We have examined the reproducibility of this assay with respect to intra-run, interrun, and interlaboratory precision for assays of pure culture samples. These data are summarized in Table 3 . 
Comparison Studies
Discussion
Campylobacter-associated disease is now recognized as a serious public health problem (1) . Animal reservoirs of infection include avian, ovine, bovine, porcine, canine, and feline sources (16, 17) . Surface water, even in remote areas, may also harbor the organism (18) , as can raw milk (19) and poultry meat (20) . Asymptomatic human carriers have also absorbances greater than or equal to the cutoff in the individual experiment were considered positive. Suspensions tested contained 1Os-i o#{176} organismsper milliliter except for the Campylobactercultures C.jejuni,C. coil, and C. landis, which were testedat 101 cells/mL. been reported (21) . Most conventional methods of detection available to routine clinical microbiology laboratories are adequate for epidemiological studies, but are too slow to allow for optimal treatment strategies (see below). Inappropriate antibiotic therapy of diarrhea! disease is not only expensive, but in some instances, e.g., salmonellosis, can lead to serious complications such as prolonged organism shedding and should therefore be avoided (22) .
We have developed a practical DNA probe assay for Campylobacter, combining two basic technologies widely used for nearly a decade: antibody-coated tubes and enzymatic signal detection.
Although
we used a polyclonal antibody, monoclonal antibodies directed against DNA:RNA hybrids have also been reported (23, 24 b Four independent assays in three different laboratories over a period of one to five days. #{176}8 x 106 cells per assay in culture medium (6) . "8 x 10#{176} cells per assay in culture medium (6). 4 X 10#{176} cells per assay in culture medium (6) . and fecal excretion of C. jejuni in infants and children (25, 26 An optimal cutoff for this populationappears to be 0.3 A which we subjected this assay (Table 2 ). They could also be caused by procedural errors such as improper washing of the coated tubes. Another potential explanation is the presence of Campylobacter nucleic acids from nonviable Campylobacter present in the sample (27) . These 25 culture-negative, hybridization-positive samples lead to a positive predictive value of 75.0%, which may limit the utility of the present assay as a guide to antibiotic therapy. However, the negative predictive value is 99.9%, which is more than adequate to exclude Campylobacter from a differential diagnosis (28) . The overall agreement of the two methods is 98.7%, which is very encouraging for a firstgeneration
test. An examination of various cutoff values (Figure 1) showed that the previously determined cutoff of approximately 0.3 A appears to discriminate well between true negatives and true positives in this population.
We intend to continue this investigation and to apply many of these findings to detection of Campylobacter and other pathogens by both manual and automated assays.
We thank Jonathon Lawrie, Margaret Kimball, and Will Sham in their efforts in reviewing the data contained in this work.
